The causal basis of vertebrate complexity has been sought in genome duplication events (GDEs) that occurred during the emergence of vertebrates, but evidence beyond coincidence is wanting. MicroRNAs (miRNAs) have recently been identified as a viable causal factor in increasing organismal complexity through the action of these Ϸ22-nt noncoding RNAs in regulating gene expression. Because miRNAs are continuously being added to animalian genomes, and, once integrated into a gene regulatory network, are strongly conserved in primary sequence and rarely secondarily lost, their evolutionary history can be accurately reconstructed. Here, using a combination of Northern analyses and genomic searches, we show that 41 miRNA families evolved at the base of Vertebrata, as they are found and/or detected in lamprey, but not in either ascidians or amphioxus (or any other nonchordate taxon). When placed into temporal context, the rate of miRNA acquisition and the extent of phenotypic evolution are anomalously high early in vertebrate history, far outstripping any other episode in chordate evolution. The genomic position of miRNA paralogues in humans, together with gene trees incorporating lamprey orthologues, indicates that although GDEs can account for an increase in the diversity of miRNA family members, which occurred before the last common ancestor of all living vertebrates, GDEs cannot account for the origin of these novel families themselves. We hypothesize that lying behind the origin of vertebrate complexity is the dramatic expansion of the noncoding RNA inventory including miRNAs, rather than an increase in the protein-encoding inventory caused by GDEs.
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genome duplication ͉ lamprey ͉ macroevolution ͉ shark ͉ chordate V ertebrates are widely perceived to be more complex than their spineless relatives, the ascidian urochordates and the cephalochordate amphioxus (1, 2) . Nonetheless, demonstrating this difference in morphological complexity is difficult, and determining its causal basis has proven even less tractable. Typically, causality has been sought in the phenomenon of genome duplication (2) (3) (4) (5) , thought to have occurred twice during the emergence of vertebrates (6) , once before and after the divergence of the lamprey and gnathostome lineages (4, 7) . However, the absence of any obvious increase in morphological complexity associated with other known genome duplication events (GDEs) (8) , especially within the actinopterygian fishes (9) , suggests that the causal link between morphological complexity and GDEs is tenuous at best (10) . Further, given the similarity of the developmental tool kit across Metazoa despite the unambiguous differences in organismal complexity between, for example, vertebrates and cnidarians (11), a consequential increase in the protein-coding repertoire cannot provide sufficient explanation for differences in morphological complexity.
An alternative explanation for increasing morphological complexity has been increasing the complexity of gene regulatory networks (12) . Although usually considered from the perspective of protein-coding genes (13) , vertebrates are also distinguished from invertebrates by the transcribed, noncoding complements of their genome, with mammalian genomes transcribing over an order of magnitude more noncoding RNA as compared with either worm or fly (14) . Importantly, it is among this noncoding sequence that a variety of new classes of regulatory factors has been discovered, including microRNAs (miRNAs), which has been postulated as developmental and evolutionary determinants of organismal complexity (15, 16) . Indeed, vertebrates possess many more miRNAs than any invertebrate sampled to date (17) , and Ͼ50 new miRNA families are thought to have evolved in the vertebrate lineage sometime after its split from the invertebrate chordates and before the divergence of osteichthyan fishes (17) (18) (19) . Nonetheless, how this increase in the miRNA repertoire correlates to the emergence of vertebrate complexity is currently unclear because groups such as lampreys and sharks, from which we may infer the miRNA complement of early vertebrates, have yet to be sampled. miRNAs are unusual with respect to all other known genetic elements (17, 20, 21) in that they are continuously being added to metazoan genomes, and once integrated into a gene regulatory network, the primary sequence of the mature Ϸ22-nt sequence comes under intense negative selection, with mutations occurring only very rarely. In addition, the new miRNA is only rarely secondarily lost. These three properties (continuous addition, conservation of primary sequences, and rarity of secondary loss) allow for the accurate reconstruction of the miRNA complement of any last common ancestor, including the last common ancestor of all living vertebrates.
Here, we show by using a combination of genomic searches and Northern analyses that the vast majority of miRNAs found previously in osteichthyans [i.e., those shared between teleost fishes and mammals (17, 19) ], actually evolved at the base of the Vertebrata, before the divergence between the living jawless (lamprey) and jawed fishes, but after the divergence of vertebrates from their invertebrate chordate relatives. Because the origin of these novel miRNA families cannot be ascribed to the GDEs associated with early vertebrate history, we argue that lying behind the origins of vertebrate complexity might be the evolution of novel miRNA families.
Results and Discussion
The Emergence of Vertebrates Is Characterized By an Unprecedented Increase In the Rate of miRNA Family Innovation. Because miRNAs, once fixed, rarely change the primary sequence of the mature region and are rarely eliminated from the genome, it is possible to determine their phylogenetic origin through analysis and detection in living representatives (17, 22) . This approach obviates the need for libraries from every species, as the conserved set of miRNAs between two species can be deduced if the complement of one (e.g., mouse) has been determined from libraries and the second (e.g., lamprey) queried for these miRNAs by other means like Northern analysis. We stress that the miRNAs that have evolved within the lamprey lineage will be unique to this lineage, and not relevant to our question, which is the original complement of miRNAs in latest common ancestors of living clades, including the last common ancestor of all living vertebrates. Thus, we set out to ascertain the evolutionary history of the 129 chordate-specific miRNA families throughout the phylum Vertebrata by using both genomic queries and Northern analysis (Fig. 1) . The data are presented in Fig. 2 and summarized in Fig. 3 and Table 1 . We found that the phylum Chordata is characterized by the evolution of two miRNA families, mir-216 and mir-217, and the newly recognized clade Olfactores (23) is characterized by three miRNA families, mir-126, mir-135, and mir-155 (see also ref. 24) , with only mir-135 not found in the genome of one of the two ascidians queried (and also the only invertebrate not investigated by Northern analysis). An additional two miRNA families were found in the elephant shark (Callorhinchus milii) genome (25), but not in lamprey. Another eight miRNA families were found to be exclusive to the osteichthyans, eight families were restricted to Tetrapoda (frog ϩ bird ϩ mammal), and two families were restricted to Amniota (bird ϩ mammal) (Fig. 2) . Sixty-three miRNA families were restricted to the two eutherian mammal taxa considered, mouse and human (data not shown). And finally, of the 56 chordate-specific miRNA families shared between teleosts and mammals, more than two-thirds (41 families) were either found in the genome of the sea lamprey (Petromyzon marinus) and/or detected by Northern analysis in total RNA preparations from the brook lamprey (Lampetra planeri).
As expected (17, 22) there were few examples of secondary loss; where detectable, either by miRNA or taxon investigated (Fig. 2, bold) , most of the expected miRNAs not found in genomic traces are detectable by Northern analysis (Fig. 2 , gray circles). Only taxa not yet investigated by experimental means (e.g., chicken) showed an unusually high number of missing miRNAs, keeping in mind that in this case only 12 of 66 total miRNA families could not be found in the genome. Indeed, the phylogenetic relationships of these taxa, as deduced by molecular sequence analyses (23) , are entirely in accord with the hierarchical structure of the miRNA data obtained herein, which is only possible if miRNAs, once evolved, are not secondarily lost and conserve the mature miRNA primary sequence, as argued by Sempere et al. (17) . Table  1 ) are indicated by a black dot. Those not found in the genome of the indicated taxon, but detected in a total RNA preparation, are indicated by gray circles. miRNAs not found in the genome and not detected by Northern analysis are indicated by white circles. As expected (17) , miRNAs, once evolved, are rarely secondarily lost and the mature sequence rarely changes in primary sequence, allowing for an accurate reconstruction of the miRNA complement of the last common ancestor. The few instances of potential secondary loss often involve miRNAs that were not detectable by Northern analysis (plain text, e.g., mir-135) and/or in taxa not yet explored by experimental means (plain text, e.g., the chicken Gallus gallus). miRNAs and taxa in bold were explored by Northern analysis. miRNA families are given by the lowest numbered member; for the full complement of miRNA members for each family see Table 1 .
These data indicate that there were two periods in vertebrate evolutionary history when a seemingly inordinate number of miRNAs were acquired, once at the base of vertebrates, and once along the stem-lineage leading to eutherian mammals, specifically the branch intermediate of the last common ancestors of Amniota and Archontoglires (see also ref. 19 ). However, when the rate of miRNA acquisition was considered (the number of miRNA families acquired per million years of evolutionary history), as opposed to the raw number of newly evolved miRNA families, the eutherian rate of miRNA acquisition is not significantly higher than other episodes in vertebrate evolutionary history (Fig. 3) . To ask about the rate of miRNA acquistion in early vertebrate history, the split between urochordates and vertebrates needs to be estimated. Peterson et al. (26) dated the origin of crown-group Chordata to Ϸ550 Ma, setting the maximum for this split, and the fossil record suggests that crowngroup Olfactores had arisen by the end of the Early Cambrian Ϸ520 Ma (27) ; the age of crown-group Vertebrata, as estimated from the fossil record, is Ϸ505 Ma (28, 29) . Thus, the rate of acquisition varies from 0.91 to 2.73, depending on when the speciation event occurred, and is 3-10 times higher than the rate at which they were acquired within the eutherian stem lineage (Fig. 3B) .
The Rate of miRNA Family Acquisition Correlates to the Increase in Vertebrate Morphological Complexity. Using a midpoint estimate for the origin of Olfactores (i.e., 535 Ma), we then asked how the rate of miRNA acquisition along the vertebrate stem compares with changes in morphological complexity, as calculated by Aburomia et al. (2) . Our data suggest that the vertebrate stem-lineage is similarly anomalous with respect to both miRNA acquisition rate and both the relative (Fig. 3B ) and absolute (data not shown) amount of morphological change when compared with any other point in chordate evolution, as assessed by a Dixon's D test (P Ͻ 0.01; ref. 30) for both miRNAs and the morphological complexity index (MCI) (Fig. 3B) . Hertel et al. (19) have cogently argued that nonlocal duplication of miRNAs, resulting in paralogues located on different chromosomes, occurs exclusively in association with whole GDE. Supporting their argument, if the evolutionary history of all 153 miRNA families conserved in eutherian mammals is traced through phylogeny (including the families that evolved before the last common ancestor of all living chordates), 70 are present in the last common ancestor of lampreys and mammals, and of these 70, 47 miRNAs (67.1%) have at least two paralogues on separate chromosomes in both human and mouse (Table 1) . In contrast, of the 83 eutherian families that evolved after the split from lampreys, only two miRNAs (2.4%) have at least two paralogues on separate chromosomes.
Hertel et al. (19) further argued that a significant complement of the vertebrate miRNA families can be explained by the whole GDEs. Thus, GDEs have been hypothesized to explain both the dramatic increases in morphological complexity (2-5) and anomalously high rates of miRNA family innovation (19, 31) . However, because lampreys often have one, if not two, copies of each of these miRNAs (Fig. 4 A-D) , and many of the paralogy groups that we detected in lampreys can be located to different chromosomes on the reconstructed protokaryotype of osteichthyans (32) (Fig. 4A) , the end product of the GDEs, the establishment of these paralogy groups must have occurred before the divergence of lampreys and gnathostomes. Further, because we detect paralogues of these families in the lamprey, the family itself must have evolved before any GDE. Hence, although genome duplications events can dramatically increase the diversity within existing miRNA families (see above), they cannot account for the origin of these novel families in the first instance (what we term here miRNA disparity).
The results of our phylogenetic analyses require that the dramatic increase in miRNA disparity preceded any GDE, which itself preceded the speciation event between lamprey and human. To compare our results to those that have used proteinencoding genes, we searched the sea lamprey genome for mir-10 and mir-196, two miRNAs that are embedded within the Hox clusters: one copy of mir-10 is found in each of the HoxB and HoxD clusters, whereas one copy of mir-196 is found in each of the HoxA, HoxB, and HoxC clusters (33) . We were unable to find any copies of mir-10 in the genome of the sea lamprey, but we did find two paralogues of mir-196. Both of these genes group together phylogenetically (Fig. 4E) and are collectively the sister genes of mir-196b, the miRNA embedded in the HoxA cluster. Hence, we find evidence for a HoxA cluster or clusters (which contains mir-196b but not mir-10), but the potential absence of the HoxB, HoxC, and HoxD clusters, consistent with the data obtained from direct examination of the Hox genes themselves (34), attesting, if nothing more, to the accuracy of our phylogenetic analyses. Therefore, when considered in the context of genome evolution, it seems clear that at least one round of genome duplication occurred after the divergence between urochordates and vertebrates and before the divergence between lamprey and human, and that this GDE dramatically increased the diversity, but not the disparity, of miRNAs by increasing the number of miRNA paralogues.
Emergence of miRNA Disparity and Vertebrate Morphological Complexity: Coincidence or Causality? At an acquisition rate between 0.91 and 2.73 families per million years, miRNA families were established at a faster rate during the emergence of vertebrates than during any other episode in vertebrate history, far outstripping previous reports of anomalously high acquisition rates in stemeutherians (19) . Of course, it could be argued that the correlation between miRNA acquisition and morphological complexity is exactly that, a simple correlation. However, we suggest otherwise given that many of these 41 miRNA families are expressed in vertebrate-specific cell types or tissues, as determined in the zebrafish (35) , such as the pronephros (miR-30), the liver and pancreas (miR-122), the thymus (miR-142), and melanocytes (miR-204), or in organs that are clearly more complex than their homologues in other chordates, for example, the brain (e.g., miR128a, miR-129, miR-132, miR-218) and the pharynx (e.g., miR-23a, miR-27a, miR-140, miR-214). Given the role miRNAs play in the specification of cell and tissue types (36, 37) , we suggest that the origin of these cellular novelties was predicated on the origin and fixation of these novel miRNAs (17) . Our analyses indicate that the better part of osteichthyan miRNA diversity is generic to vertebrates as a whole, entirely coincident with the emergence of vertebrate complexity, and implicated in the development of vertebrate innovations and elaborations. Of course, the next step is to demonstrate functional causality between the novel miRNA families and vertebrate phenotype.
Insight Into the Mechanistic Basis of miRNA Innovation. Such rapid rates of miRNA innovation, and the correlation with the dramatic increase in morphological complexity, beg the question of how and why this burst of miRNA family innovation occurred. The basis of miRNA innovation in animals is controversial as there are a number of competing, but weakly supported, hypotheses, ranging from local to large-scale duplication and divergence, to serendipitous emergence from random hairpins in the genome (19, 31) . Although much of the diversity of vertebrate-specific miRNAs can be explained by the GDEs, it cannot explain the establishment of most of the 41 vertebrate-specific miRNA families themselves, which must have occurred still earlier in the lineage leading to vertebrates after its separation from the tunicate lineage. Given that miRNA families preserve no evolutionary footprint of innovation through duplication and divergence, such as in their coding sequence or their syntenic arrangement within and between chromosomes, it may be inferred that their innovation occurred via a different mechanism. This notion suggests that, although whole genome duplication can increase the diversity of miRNAs within a family, it does not lead to fundamental innovation or disparity, such as in the establishment of new miRNA families. In fact, where there is an unusually high rate of miRNA family acquisition, for example at the base of Nephrozoa (Table 1) , there is no evidence for a GDE (11) , and where there is a GDE, for example at the base of the teleost lineage (38) , there is no evidence, despite extensive library searches (39) , for an increase in the number of teleost-specific miRNA families. Indeed, in contrast to the rhetoric, no good evidence has been marshaled in support of the much-vaunted hypothesis that GDEs can confer increasing organismal complexity (10) . Instead, we suggest that changes in the global transcriptional status of the vertebrate genome (14, 15, 40) , which may have lead to the creation of more hairpins, and hence potentially more miRNAs, led to the dramatic increase in organismal complexity in this one metazoan lineage.
Materials and Methods
Northern analysis and genomic queries were done as described (17) . Total RNA was extracted from the hemichordate Ptychodera flava, the cephalochordate Branchiostoma floridae (amphioxus), the urochordate Ciona intestinalis, and the vertebrates Lampetra planeri (brook lamprey), Scyliorhinus canicula (cat shark), Danio rerio (zebrafish), and Mus musculus (mouse). Genomic queries of taxa not represented in miRBase (release 10.0, Sanger Institute, Cambridge, United Kingdom; ref. 41 ) used the full stem-loop (pre-miRNA) sequence of the human miRNA to Blast against genomic traces and, if possible, the unassembled genome. Blast parameters used the default settings for blastn. Genomes searched included the sea urchin (Strongylocentrotus purpuratus), hemichordate (Saccoglossus kowalevskii), amphioxus (Branchiostoma floridiae), ascidians (Ciona intestinalis and Ciona savigni), sea lamprey (Petromyzon marinus) (all deposited at the National Center for Biotechnology Information, version 2.2.14, April 2007), and the elephant shark (Callorhinchus milii) (25) , which was available at http://blast. fugu-sg.org. For the lamprey miRNAs we also queried against the unassembled sea lamprey genome available by Pre-Ensembl (version 43, November 2006, Sanger Institute and European Bioinformatics Institute, Cambridge, United Kingdom). On occasion, we also searched the genomes of the teleost fishes Takifugu rubripes and Tetraodon nigroviridis, and the chicken Gallus gallus, for miRNAs not deposited at miRBase. Putative orthologues were determined by selecting all subject sequences that showed at least 75% similarity in the mature sequence (with 100% similarity across the seed region, nucleotides 2-7) with the query pre-miRNA sequence. To confirm orthology we first aligned the sequence with known pre-miRNAs, and then folded these putative orthologous sequences by using the web-based program Mfold (42) with standard minimum free energy values (43) to confirm a stable secondary structure. Alignments of the stem-loop sequences and the phylogenetic analyses used MacVector (version 7. 2.3-2004 ; Accelrys). Distance analyses used the neighbor-joining algorithm with the Tamua-Nei correction; bootstrap values were derived from 1,000 replications. Family assignment of particular miRNAs followed Huang and Gu (18) with a few minor modifications after miRBase. To calculate the rate of miRNA, acquisition was calculated by dividing the number of miRNAs acquired at each node by the time elapsed between nodes in millions of years, for example, 41 miRNAs/15 million years ϭ 2.73 miRNAs/million years. The following divergence times were used: Chordata, 550 Ma; Olfactores, 550 -520 Ma; Vertebrata, 505 Ma; Gnathostomata, 450 Ma; Osteichthyes, 420 Ma; Tetrapoda, 350 Ma; Amniota, 330 Ma; Eutheria, 100 Ma. The 550-Ma divergence estimate is based on a detailed molecular clock analysis (26) ; the rest were taken directly from the fossil record (27, 44) .
